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Renort of Dr. Avery (uzssisted by Drs. Hotehkiss, MeCarty and Taylor

C

Strdizs on the transformation of pneunococcus (Avery, lcCarty and

Teylor). The siguificance of the phenomencn of trensformation lies in the
foet th t heritebic and specific zlterations in structure and function of
unencapsulated (k) variants cen be sclectively brought about by highly
purified desoxyribonucleic acid fractione isolated from encapsulated strains
of different cpecific types. The chenges induced arz not random but are
predictable and precetoermined cccording to the specific tyde of Pneumococcus
used as source of tre trunsforming subgctonce. Transformation involves ikre
synthesis of 2 new capsular polysaccharide chemically and serologically
different frem thot knorm to be produced by the encepsuloted cells from
which the variant strain was derivad. Once transform:tion hos occurred

ers are thereofter transmitted to caughter cells

cr

the newly :cquired churac
through innumerable transfers in culture nedia without further addition of
the transforning substunca. From the transformed cells, o nucleic acid
fraction having identicul chemical properties and biological cctivity can
agaein be recovered in azmounts greatly in excess of thut used to initiate
the reaction,

It is evident thot not only is the capsular polysaccharide re-
produced but. the inducing substance which deteruines the synthesis and
specificity of the capsule is also reduplicated in successive generations.

Various interpretations have been advanced as to the nature of
this phenomenon. However, those of us actively engcged in the work have
for the most pcrt left matters of interpretation to others and have chosen
rather to devote our time «nd thought to expsrimental analysis of the

factors involved in the reacction. This is not to say that we are
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indifferent ond have not among ourselves indulged in speculation and diu-
cussion of the relation of the nroblem to other similar phenom@ona in re-
lated fields of biology. Horeover, considerable doubt has been expressed as
to tre chenmical icdentity of the transforming substonce. Frem the beginning
we oursclves hnve heen kecnlf alert to the »nossihility that the sressnce of
some substince othor tlrn the desoxyribonucleate in our preparations may
be respcusible for hiolozical zetivity. Thus far, the accunulateld evidencs
strongly supports the belief originally =xpressed thut "a nucleic acid of
the desoxyribose type is the fundamentcl unit of the trensforming sub- i

stance". MNevertheless, this guesticn is of uuch importince that it is

hoped that it mey bz made possible tc continue tho werll on this and other

chemicul aspects of the problem,

T S L S T TR e

Biochenicnl studies of environmesntil fectors essential in trans-

formation (Hotcnkiss and Trylor). Ore of ithe major problems under investi-

gotion at present concorns the chemical noturs and biological activity of
certain components in serum which are essantial in the transforming reaction.
In the preceding report, IZr. ilcCarty Jdescribed a method in which the
specific enzyme, désoxyribonucleaSe, is used &s & biochemical tool for
determining the time required for the transforming ovrinciple to be taken

up or "fixed" by coumpzatent R cells during growth in the presence of sarum.
Using this method it can be réadily shown that the addition of tlie enzyme

to the reaction system at ony tims up to 3-4 hours after inoculation inter-

fers with the reaction so that tronsformation does not occur. It appears

that throughout this initial period. the transforming substonce hos not yet
besn taken up but is still free in the medium and hoencs subjact to the
destructive action of the onzvme. On thc other hond, if the enzyme is

added later than 4-5 houre after inoculation, it has no effect on the
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subsequent development of trunsformation. The resultc indicate that o

eritical 7iowih period of from 3-5 hours in serum mediuvm is required

before the specific desoxyribonucleate is talen up by the R cells and
conssausntly protected from Cestruciion by the enzyme.
| These uboervutions have been confivmed by the resuits of

corollary experiments in which A cells are first grovin 4-5 hours in seorum
broth alone and then trancferrel to medium contoining the Lransforming
substance. Under these conditions it hus been found that the serum trented
cells are now capable of taking up the trunsforming substunce within
5 minutes after inoculation in contrust to the 4-5 hours normally raouired
when untreated cells ure used as inoculum. It therefors appsars that in
transformetion the primary action of the serum is on the R cells as a
result of which they become capeble of interceting with tha transforming
principle. Although tiz mcchenism of thic action is as yet unitnovn, its
offect is manifest by the reudiness with which "sensitized" cells toke up
the specific desoxyribcnﬁcleute. For nurposes of convenience and without
any implicztion as to its nature, this preparatory process is reforrad to
as "sonsitization" cnd tha potency of whole serum or a zerum fraction can
be dofined in terms of its “sensitizing cctivity." It is thus apparent
thet the int%raction betweon competent R cells and the specific transform-
ing substance is nediated by serum, the function of which is to prepare R
cells for the rapid uptake of thc transforming principle. As will be
discussed below, it has been found recently that a crystalline protein
isolated from humen and bovine sera possess sensitizing activity comparable
to that of the action of whole serum.

In- the last report it was tentatively proposed that human serous

£luids provided at loast three importent components: a2) Agglutinins for R
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pneumococci which serve the purpose of cuusing essentizl colonicl aggrega-
tion. These aggrepates of agglutinated cells in turn are thought to create
ia their environment the loccl conditions, possibly recducing in character,
thi.t are required for transformation; b) A non dialyzable factor, ore-
sumably protein in character, which hac¢ not ot thet tins been sufficiently
definad to establish its chemical identity. The fect thot serum can be
comnletely inactivated Ly prolonged dialysis suggested the oxistence of
(c) a dialyzeble component. A primary concern of this laboratory curing
the past year has been to clarify the nature of the last two components.

ks previocusly reported, & serua inactivated by prolonged dialysis

regains its activity on incubation with inorganic phosphate. It has since

been found that reactiviaticn of dialyzed serum can bs immediztely bLrought
about without incubation by the addition of sodiﬁm pyroshosphate. A few
organic phosphates hive been tested but thus far none has been found to
have this effect.

As progress has been made in the fractionation of serum, pyro-
phosphute has proved to be a useful reagent for eliciting the maximal
sensitizing activity of serum fractions. A further useful step has bzen
the development of a semi-quantitative method of assay for the serum facior.
Briefly, the procedure is cs follows: Graded amounts of serum or protein

fractions are tested in an enriched broth containing optimal gquantities of

‘pyrophosphate, purified R antibodies, and transforming substance. Under

these standard conditiong, the amount of serum component added becomes the
limiting factor, and the rete and extent of occurreunce of pneumococcal
transformation serve as a satisfrnctory mecsure of the sensitizing activity
of this component.

The protein fractions tested Ly this mcthod were prepared either
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by the usuol salting out procedures or bty the newer alcohol fractionation
method Gevised by Professor Cohn of lorvard Medical School. The evidence
clearly indicates that the albumin fraction of normal serum of huﬁan and
bovine origin, ané of pleurci fluics ~re nctent souvrces of the non
dilalyzavle pretein facter. As little as 300 micrograms of purified serunm
albunin per cubic centimeter con be the decisive fuctor determining prompt
and typicel trensformation.,

That the sensitizing activity just describsd may reasonably bde
attributed Lo one or other o7 the serum albumins is indicuted by the ;
“ollowing observetions. Four piropearations of crystalline albumin isolated !

from bovine s=rum by ths Cobn procedure, and considered to be slectiro-

phoretically homogeneous, have preved to be awn active os are the crude
albumin fractions. In waditien, o sample of human serum clbumin which had

been recrystallized four times and found to be olectrophoretically

homogeneous was likewise active in supporting tronsformation.

A further indicetion thot sensitizing activity is a property
of serum albumin is cfforded by tlie following experiments. Vhen o solution
of 2lbumin is heated under vorious condiiions of hydrogen ion concentration
and temperature, its sensitizing activity diminiches progressively as more
.and more of the protein becomes altcred in solubility. In very ecid

solutions (pH 2) albumin is remailably stable. At this acid reaction

solutions of albumin may be heated in boiling water for 15 minutes, cooled,
and reneutralized without apparent change in solubility or sensitizing
activity. On the other hand, a precipitate is formed when a solution of
albumin is heated at 62°C. in the range of its isoelcctric point. The
‘supernatant fluid has little or no sensitizing cctivity. W%When, however,

the precitate is dissolved in hydrochloric acid (pH 2) and the solution
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is then neutralized the protein regains its original solubility and the
sensitizing activity is restored. Thus, thers is a2 striking parclielisnm
vetwsep the native solubility of bovine sarum albumin and its sensitizing
activily in the transformips system.

Before testing hunan serum or serous {luids for their ability to
support transformation, it has besn customary to subject them to heating
(60°C, for 30 minutes) at their normcl slightly :1kcline reaction. This
wag done in orcer to inactivate the serum enzyme, desoxyribonuclease, which
vwould otherwise depolymerize ocnd thus destrey the tronsforming activity
of the specific nucleic acid present in the tranzforming sysiem. It is not
necessary to heat purified serum albumin for this nurpose, but whan it is
hected under these conditions, the protein becomos more readily precipitable
et lower concentrations of salt. Accordingly, it appears not unlikely that
the ~ctivity previously observed in globulin fractions of the serum may
have been due to.such aitered zlbumin,

Althouch albumin is by far the most active of the serum protsins,

-
it is not possible to stcte with certainty that it bears the total
sensitizing activity of whole serum. Vhile in many instances the activity
level of whole serum or a serum fraction appears to be commensurate with its
albuminvcontent, there is now experimental evicznce that sensitization by
albumin known to be active can in some wuy be masked or blocked by com-
ponents associated with phe globulin constituents. This blocking action
may appear when an active albumin is mixed with the globulin fractions of
normal serum. It is known that normal ser:s, which naturally contain their
full complement of albumin, vary markedly in their sensitizing activity.
It is possible thcot their action is masled as & resvlit of the interactions

mentioned above, This "blocking" phenomencn is under investigation at
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present and it may furnich an explonaticn of the variable results
previously obs:rved with certain sera and serum fractions.

Indeed, the reactivation of & dialyzed serum by inorganic phos-
phate or pyreohcsphate may, as previously suggested, be regarded as tine
restoratisn, dirsctly or indirectly, of a dialyrable cofactor. flternative-
ly, i* may also be looked upon as the removal oi un inhibiting substance
the presence of which is incicated by the experiments meniioned above. An
inhibitor may combine with the albumin during the redistribgtion of
constituents that follows the loss of electrolytes when such a complex
system as serum is dialyzed. The observaticn that albumin more or less
free of uther serwa constituents does not appezar to be inactivated by
dialysis but is nevertheless in scmz irstances brought to higner sensitiz-
ing activity by tho cddition of pyrophosphate, is in hormony with the
second vievi.

In summary, the results of analysis of the role of serum in the
transforming roaction indicate thatl albumin is the principal and effective
component of sera, which, in conjunction with R.cell agglutinins, supports
pneumococcal transformation.

Transformation studies on several spontaneously appearing

'variants of Pneumococcus (Taylor). Pnoumococci exhibit marked variability

in colonial forms covering a wide range of differences in contour,
morphology and surface topography. The colonizl variants display all
degrees of smoothness and roughness from the glistening mucoid to the
extremely granular and pebbled surfacsd colony. Thosc physical features
are in many instances reflected in recognizad differences in biochemical
and physiological properties of thos cells. Considerabl: information is

available with regard to alterctions in tho ahtigenic structure,
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serological behavior and virulence associated with these colonial changes.
It seemed possible that the principles and techniques of transformation
might afford a spacific means of investigating the hereditary basis of
this phenomenon.

Indced, by %he application ond extension of ths methods used in
transfornction it has been possible to determine with reasonable assurance
that the intermedicte smooth organisms arising from mucoid forms of Type III1
represent cells in which the SIII transforming determinant itself has !
become modified. These intermedizte smooth variants are reminiscent of
z1llelic series in higher organisms.

The property of extreme roughness (ER) zs opposed to moderate

rouginess (MR) is apparently due to the lack of a factor or factors which

can be experimentzlly introduced into the cells by the techniques of
transforration. The MR factor is present in the desoxyribonucleic acid
fraction of the moderately rough variant and of Type III orgenisms as well.
The factor (MR) which determines the change from extreme to moderate

roughness can be introduced independently of the SIII factor. Indeed, the

ER forms cannot be transformed to encapsulated Type III organisms until
they have first been converted into MR cells; that is, the MR factor must é
be introduced first, (ER-->MR—-»SIII). These observations furnish
experimental evidence in favor of the view previously expressed that the f
desoxyribonucleic acid fraction derived from Type III pneumococci altﬁough
chemically homogenecus contains molecules of biologically diverse

specificities.

This form of analysis is being pursued with three objectives in

mind. First, it is hoped that some information mey be gained on the

naturs of "competence", that property of cells vwhich determines their
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capacity to respond tc a given specific stimulus or tactor in transforma-
tion. Second, such expsrim:cnts may noke possible fuvrthner analysis of the
natur: of the specificity of the transf{ormine substence. Third, the
demonstraticn that two frctors, one for moderate roughness (MR); the
other for synthesis orf capsular polysacchuride (SIII), sach cosxisting in
the same preparatiorn of nucleic acid, can be sszlectively tuken up by
pneumococcal cells and independently bring about development of the
corresponcing treits, justifiec the hope that the pneumococcal cell may
prove a delicate tool for the study of many hereditary characters at a
biological level herziofore unreslized by geneticists.

Crystallization of the C-reactive orotein {McCarty). In the

past, several studies have been reported from ﬁhe laboratories of the
Department of Respi‘atorj Diseases on the occurrence cduring acute in-
fections of & protein rnot normally present in Lhe blood. This protein

is designated as the C-reuctive protein since it is precipitated from
acuts phase human serz by the addition of the somatic C polysaccharide of
Pneumococcus. Although Lhe-precipitation rcaction between the C-reactive
protein and the C polysaccharide is superfifially analagous to an antigen-
antibody reaction, it was shown to differ from the latter in several
important respects. Briefly stated, thesc diffarences are as follows:
(1) The occurrence of the protein is non-specific with respect to the
inciting agent of the disease; (2) The protein is present carly in the
acute phase and disappears rapidly with the onset of convalescence;

(3) In contrast to antibodies, it occurs in the albumin rather than the
globulin fraction of serum; 2nd (4) The presance of czleium ion is
required in tho precipitation reaction bctween the prot:in and C poly-

saccharide. The precipitation appears to be a phcnomenon based on a
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chance complemertary relationship between the moleculer configuration of
the two reacting substances. It is felt that the occurrence cf the
protein in the blood may be in some way reloted to the host reaction to
infection.

The wresent studies deal with the isolation of the C-reactive
protein in 2rystalline form. Human serous fluids, i.e., chest and
sbdominnl fluids accumuleting in tie cours: of acute infectious processes,
have bLeen employed as sowrce material. After initial fractionnticn with
ammonium sulfate, the C-protein is separated from ths bulk of serum
proteins by precipitation with the C polysaccharide. Dissociation of the
polysacch:ride-protein complex and crystallization of the protein depend
on thz use of concentroted sodium suifats sclutions. Recrystallization
of the material in the form of symmotricel rhomboif plates occurs readily
in the prescnce of sodium sulfatc at 0.75 saturation. The concentration
of C-protein in sgerum is rclatively low, and less than 100 mg. of re-
crystallized protcin was obtainod from 1.5 liters of chest fluid.

Preparations of the crystalline protein contain none of the
C-polysaccharids employed in the isolation, end indeed solutions of the
material give the characteristic precipitetion reaction when mixed with
the polysacchcride in the preéence of traces of calcium ion. The
crystalline protcin is insoluble in distilled water, but dissolves
readily in physiologicel salt solution. -

Bvidence regarding the purity of the crystalline protein has
been obtained by the use of immunological tochniques. The protein is
highly antigenic for rabbits, and antiscra rsact in high titer with the
purified antigen as well os with acute phase humen cora which contain the

C-reactive protein. On ths other hand, ths antiserc give no recaction
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whatsoever with normal human sera. This finding indicates that no
appreciable amount of normal serum protein was present in the crystalline
C-protein used for immunizetion of the znimals. The antiserum provides
a useful tool for further studirs, since it serves as 2 sensitive and
selective reagent for detecting the presence of C-reactive protein in

minute amcunts.
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